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The transition from growth to stationary phase is a natural
response of bacteria to starvation and stress. When stress is allevi-
ated and more favorable growth conditions return, bacteria
resume proliferation without a significant loss in fitness. Although
specific adaptations that enhance the persistence and survival of
bacteria in stationary phase have been identified, mechanisms
that help maintain the competitive fitness potential of nondividing
bacterial populations have remained obscure. Here, we demon-
strate that staphylococci that enter stationary phase following
growth in media supplemented with excess glucose, undergo reg-
ulated cell death to maintain the competitive fitness potential of
the population. Upon a decrease in extracellular pH, the acetate
generated as a byproduct of glucose metabolism induces cytoplas-
mic acidification and extensive protein damage in nondividing
cells. Although cell death ensues, it does not occur as a passive
consequence of protein damage. Instead, we demonstrate that the
expression and activity of the ClpXP protease is induced, resulting
in the degeneration of cellular antioxidant capacity and, ulti-
mately, cell death. Under these conditions, inactivation of either
clpX or clpP resulted in the extended survival of unfit cells in sta-
tionary phase, but at the cost of maintaining population fitness.
Finally, we show that cell death from antibiotics that interfere
with bacterial protein synthesis can also be partly ascribed to the
corresponding increase in clpP expression and activity. The func-
tional conservation of ClpP in eukaryotes and bacteria suggests
that ClpP-dependent cell death and fitness maintenance may be a
widespread phenomenon in these domains of life.
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Bacterial pathogens can efficiently switch between growth
and nongrowing stationary states in response to changes in

nutrient status and environmental challenges (1, 2). Often, the
entry into stationary phase is triggered by nutrient deprivation
imposed by the host or due to competition with other microbial
cohabitants (3, 4). Multiple stresses, including changes in pH,
temperature, and osmolarity, can also limit active growth (5).
The physiological and adaptive responses to stress that accom-
pany the transition of bacterial cells to a nongrowing state are
generally optimized for long-term survival (6). These changes
enhance persistence in pathogens and make them tolerant to
various stressors, including antibiotics and the host immune sys-
tem (2, 6). However, the fate of bacterial cells that undergo
stress-induced cellular damage in stationary phase remains
unclear. Such cells may become unfit for subsequent growth
and may need to be eliminated. Their removal would allow
competition for limiting nutrients to be confined to healthier
populations and would also ensure that the surviving popula-
tion is fit for reentry into the growth cycle under more favor-
able conditions (7).

We have previously utilized Staphylococcus aureus as a model
bacterial pathogen to study stationary phase survival dynamics
(8, 9). When grown under conditions of excess glucose, S.
aureus prematurely enters the stationary phase before glucose
is completely exhausted from the media (9). Interestingly, the
bacterial cells continue to consume glucose and excrete acetate
as a byproduct, even though growth is arrested, suggesting that
growth and carbon catabolism are uncoupled at this stage. The
early entry into the stationary phase under these conditions
results from the weak acid properties of acetate. As the pH of
the culture shifts toward the pKa of acetate (pH, 4.8) during
growth, a net movement of protonated acetate into cells is
observed, which results in cytoplasmic acidification (9). This
process initiates a series of events during stationary phase that
is not seen when cells are grown in lower glucose concentra-
tions. Notably, the cells entering stationary phase following
growth in excess glucose have a lower respiratory potential,
produce significant levels of endogenous reactive oxygen spe-
cies (ROS), and accumulate chromosomal damage. These
events culminate in cell death. Both the observed decrease in
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efficiently maintain their competitive fitness potential even
when subject to various stressors that damage cellular mac-
romolecules. However, the mechanism remains unclear.
Here, we show that stationary phase staphylococci that har-
bor damaged proteins in their cytoplasm undergo a regu-
lated form of cell death to maintain the competitive fitness
potential of the bacterial population. The activation of cell
death is achieved by the down-regulation or degradation of
cellular antioxidant proteins by the ATP-dependent ClpXP
protease, which usually functions to maintain protein quality
control in cells.

Author contributions: A.A.A., S.S.C., M.M.I., V.K., M.C.Z., R.S., K.W.B., D.F., and V.C.T.
designed research; A.A.A., S.S.C., M.M.I., V.K., D.F., and V.C.T. performed research;
A.A.A. and D.F. contributed new reagents/analytic tools; A.A.A., S.S.C., M.M.I., V.K.,
M.C.Z., R.S., D.F., and V.C.T. analyzed data; and A.A.A., S.S.C., and V.C.T. wrote the
paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.

See online for related content such as Commentaries.
1Present address: Unaizah College of Medicine and Medical Sciences, Qassim
University, Unaizah 56219, Saudi Arabia.
2To whom correspondence may be addressed. Email: vinai.thomas@unmc.edu.

This article contains supporting information online at http://www.pnas.org/lookup/
suppl/doi:10.1073/pnas.2109671118/-/DCSupplemental.

Published November 15, 2021.

PNAS 2021 Vol. 118 No. 47 e2109671118 https://doi.org/10.1073/pnas.2109671118 j 1 of 10

M
IC
RO

BI
O
LO

G
Y

https://orcid.org/0000-0003-0000-9040
https://orcid.org/0000-0002-9609-152X
https://orcid.org/0000-0002-9745-0344
https://orcid.org/0000-0001-7513-6832
https://orcid.org/0000-0001-5658-9051
https://orcid.org/0000-0002-2974-0243
https://orcid.org/0000-0003-4946-2890
https://orcid.org/0000-0002-7886-0727
https://www.pnas.org/site/aboutpnas/licenses.xhtml
https://doi.org/10.1073/pnas.2109671118
mailto:vinai.thomas@unmc.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109671118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109671118/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2109671118&domain=pdf&date_stamp=2021-11-11


cell viability and the associated hallmarks of cell death can be
avoided if acetate production is decreased by the genetic inacti-
vation of cidC (pyruvate: menaquinone oxidoreductase) or if
the entry of protonated acetate into cells is limited by control-
ling the rate of acidification with 4-morpholinepropanesulfonic
acid (MOPS) buffer (pH, 7.4) (9). Thus, acetate-mediated cyto-
plasmic acidification directly potentiates cell death in stationary
phase.

Proteolysis is a conserved process that takes place in all organ-
isms to enforce protein quality control and modulate the intracel-
lular levels of native proteins (10). In bacteria, the ClpP proteases
comprise one of the important AAA+ proteolytic machines.
S. aureus encodes the ClpXP and ClpCP proteases (11). The
ClpP subunits assemble as two homo-heptameric rings to form a
barrel structure with peptidase activity. The ClpX and ClpC sub-
units are ATPases associated with the ClpP barrel as hexameric
rings and provide substrate specificity through direct interaction
with substrates or specific adaptor proteins (12). Staphylococci
that encounter toxic acetate levels during growth are reported to
increase expression of the clp genes, presumably to maintain pro-
tein quality in these cells (13).

Here, we explore the mechanisms involved in maintaining
the competitive fitness of stationary bacterial populations under
stress. We demonstrate that acetate-mediated intracellular acid-
ification increases the susceptibility of proteins to oxidation and
aggregation in stationary-phase cells. Although the accumula-
tion of oxidized protein aggregates in cells can be cytotoxic (14,
15), the observed cell death in stationary phase cells does not
directly result from passive toxicity due to protein damage.
Instead, we demonstrate that damaged cells die from the
increased expression and activity of the ATP-dependent ClpXP
proteolytic machinery, which targets the destruction of superox-
ide dismutase (SodA), a critical determinant of cell survival.
The active process of eliminating cells with extensive protein
damage through ClpXP-dependent proteolysis ensures the sur-
vival of the fittest cells in stationary phase. This activation of
cell death is not unique to acetate-mediated weak acid stress.
Antimicrobials that interfere with protein biosynthesis can also
variably induce clpP expression and promote ClpXP-dependent
cell death in nongrowing staphylococci suggesting a broader,
more conserved, and beneficial role for ATP-powered cell death
processes in bacteria.

Results
Acetate Increases Protein Oxidation and Aggregation under Acidic
Conditions. Since cytoplasmic proteins are sensitive to the oxida-
tion status and pH of their environment, we initially predicted

that stationary-phase cell death following acetate-mediated
intracellular acidification might result from protein damage. To
test this hypothesis, we measured the levels of protein oxidation
and aggregation under conditions that caused cytoplasmic acid-
ification (9). S. aureus JE2 was cultured in media supplemented
with excess glucose (45 mM), where acetate accumulated to
approximately 37 mM and the extracellular pH remained close
to 4.8 throughout the stationary phase (SI Appendix, Fig. S1A).
The protein oxidation status was determined by measuring the
carbonyl content of the total cytoplasmic protein fraction and
protein aggregation was measured as the SDS-insoluble protein
fraction from the total cellular protein pools. We observed that
the levels of carbonylated proteins and protein-aggregates
increased throughout staphylococcal growth as the media acidi-
fied (Fig. 1 A and B and SI Appendix, Fig. S1A). Additionally,
cell viability decreased over 7-logs during stationary phase
(Fig. 1C and SI Appendix, Table S1). Notably, the levels of protein
damage and the rate of cell death were lower when cells were
grown in media that was buffered to a pH 7.4 with 100 mM
MOPS (Fig. 1 and SI Appendix, Table S1), a condition that pre-
vented prolonged exposure of cells to the toxic effects of acetate
(SI Appendix, Fig. S1B), despite the high levels of glucose in the
media (9). Acetate-mediated cell death in stationary phase could
also be prevented by inactivating ackA, the major contributor of
acetate in S. aureus (SI Appendix, Fig. S1 C and D). However, fur-
ther analysis of the ackA mutant was not attempted due to the
pleiotropic effects of this mutation on cell physiology. Together,
these observations highlight protein oxidation and protein aggre-
gation as important correlates of stationary phase cell death fol-
lowing acetate stress.

ClpXP Catalyzed Proteolysis Is Essential for Acetate-Mediated Cell
Death. The accumulation of oxidized proteins and protein-
aggregates can themselves have toxic sequelae resulting in the
organism’s death (14). In S. aureus, ClpP has been described as
the major intracellular protease involved in protein quality con-
trol and can recycle damaged or unwanted proteins (11, 16).
Accordingly, we reasoned that the inactivation of clpP should
increase the rate of cell death due to the accumulation of dam-
aged proteins. Upon evaluating the cytoplasmic protein aggre-
gates and oxidized proteins in the clpP mutant, we confirmed
an increase in the level of protein damage relative to the paren-
tal strain (Fig. 2 A and B). The increase in protein aggregates
over the wild-type (WT) strain was primarily observed in the
exponential phase (Fig. 2B). In comparison, we detected a
more notable increase in oxidized proteins in the clpP mutant
over time and upon entry of cells into stationary phase (Fig.
2A). To determine whether the elevated levels of damaged

Fig. 1. Acetic acid induces protein damage and cell death. The toxicity of acetic acid on staphylococci was distinguished by growth in MOPS-buffered
(100 mM, pH 7.3) and -unbuffered TSB. Acetic acid remains as charged anions in MOPS-buffered media, preventing its entry into cells. (A) Protein oxida-
tion was determined at different stages of growth by measuring the carbonyl content of intracellular proteins (n = 3, mean ± SD). (B) Protein aggregates
were measured as the detergent-insoluble fraction of total intracellular proteins. The aggregates were isolated, resolved by SDS/PAGE, and quantified
using ImageJ software. The fold-differences in protein aggregate levels are relative to those observed at 3 h of growth (midexponential phase). (n = 5,
mean ± SD) (C) Cell viability in stationary phase was determined by enumeration of total bacterial colony forming units following dilution plating. TSB-G,
TSB supplemented with 45 mM glucose. Two-way ANOVA with Sidak’s multiple comparisons posttest; *P ≤ 0.05, ***P ≤ 0.001, ****P ≤ 0.0001.
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proteins following clpP mutation increased the rate of staphylo-
coccal cell death, we assessed the survival of a clpP mutant over
stationary phase. Unexpectedly, the rate of stationary phase
cell death was significantly lower in the clpP mutant than the
WT strain (Fig. 2C and SI Appendix, Table S1), which suggested
that cell death did not result from protein damage per se, but
was a consequence of the ClpP activation that followed. The
complementation of the clpP mutant by introducing the clpP
allele under the control of its native promoter within the SaPI
chromosomal locus fully restored the rate of cell death in the
clpP mutant to WT levels (Fig. 2C and SI Appendix, Table S1),
which confirmed a role for ClpP in promoting cell death.

The observed decrease in cell death of the clpP mutant did
not result from a reduction in extracellular acidification as the
concentration of acetate and pH in stationary phase closely
matched those of the WT under all tested culture conditions
(SI Appendix; compare SI Appendix, Figs. S1 A and B and S2 A
and B). Nor were there any specific extracellular factors
excreted by the WT that could induce cell death in the clpP
mutant, as cross-substitution of cell-free stationary phase cul-
ture supernatants between the WTand the clpP mutant did not
alter the kinetics of cell death of either strain (SI Appendix, Fig.
S2C). This suggested that the ClpP-dependent cell death in the
WT strain resulted from endogenous factors.

The proteolytic function of ClpP is dependent on Clp
ATPase subunits. In S. aureus, the ClpX and ClpC ATPases
interact with ClpP (12). Accordingly, we determined the

contribution of ClpX and ClpC in acetate-mediated cell death.
Although independent mutations of either ATPase subunits
exhibited a decreased rate of cell death compared to the WT
strain, the clpX mutant more fully phenocopied the clpP mutant
(Fig. 2D and SI Appendix, Table S1), which suggested that cell
death was primarily under the control of the ClpXP protease.
This conclusion was confirmed by our observation that acetate-
mediated cell death was decreased to a similar extent in a strain
expressing a mutant variant of ClpX, ClpXI265E (Fig. 2E and SI
Appendix, Table S1). The ClpXI265E variant retained the ClpX
chaperone activity, but not the ClpXP protease function due to
a single amino acid substitution in the ClpP recognition motif
of ClpX (11). Additionally, chromosomal complementation of
native clpX in the clpXI265E mutant restored the rate of cell
death to WT levels (Fig. 2E and SI Appendix, Table S1). These
observations strongly suggested that the ClpXP proteolytic
function was solely responsible for increasing cell death follow-
ing acetate-mediated protein damage.

Next, we determined how acetate-mediated intracellular
acidification affected ClpXP activity. Previous studies have con-
cluded that Spx is an exclusive substrate of the ClpXP protease
(17, 18). Accordingly, the intracellular levels of Spx were used
as a proxy for gauging ClpXP activation. In contrast to the Spx
levels observed at 24 h when WT survival was at its peak, immu-
noblotting using anti-Spx antibodies revealed that Spx was
depleted in the late stationary phase (72 h) when cell viability was
actively decreasing (Fig. 2F). The depletion of Spx at 72 h

Fig. 2. The ClpXP proteolytic activity enhances cell death. (A) Protein oxidation (n = 3, mean ± SD), (B) protein aggregation (n = 5, mean ± SD), and (C)
viability of the WT and clpP mutants (n = 3, mean ± SD). (D) The cell viabilities of the clpX, clpC (n = 4, mean ± SD) and (E) clpXI265E mutants were deter-
mined in stationary phase relative to the WT strain (n = 3, mean ± SD). (F) The intracellular abundance of Spx was used as an indicator of ClpXP proteo-
lytic activity following growth in MOPS-buffered (100 mM, pH 7.3) and unbuffered media. S. aureus Spx was detected using cross-reactive polyclonal anti-
bodies raised against B. subtilis Spx. Enolase was detected as a loading control. (G) The fold-change in the expression of spx, (H) clpP, and (I) clpX was
determined over time during different growth phases by qRT-PCR (n = 3, mean ± SD). Fold-change expression values are relative to 3 h of growth (midex-
ponential phase). Two-way ANOVA with Sidak’s multiple comparisons posttest; *P ≤ 0.05, ***P ≤ 0.001, ****P ≤ 0.0001.
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was only observed in cultures grown in the absence of MOPS
buffer that was subject to prolonged acidification (Fig. 2F)
and was not due to a decrease in spx transcription (Fig. 2G).
Indeed, Spx levels underwent depletion even though its tran-
scription had dramatically increased (Fig. 2 F and G). Addi-
tionally, we also confirmed that the reduction of Spx at 72 h was
dependent on ClpP activity, as its inactivation restored Spx lev-
els (Fig. 2F). These observations suggest that ClpXP activity is
enhanced following acetate-mediated intracellular acidification.
The increased ClpXP activity was also matched with increased
expression of both clpP and clpX following acidification (Fig. 2
H and I). These observations suggest that acetate-mediated pro-
tein damage at low pH increases the expression and proteolytic
activity of ClpXP, resulting in cell death.

ClpP Enhances Cell Death by Diminishing the Cellular Antioxidant
Capacity. Thus far, our analyses suggested that ClpXP targeted
the degradation of proteins that are important for cell survival
in the late stationary phase. To identify potential targets of
ClpXP, we determined proteomic changes in the WT and the
clpP mutant at 24 h and 72 h in stationary phase by mass spec-
trometry (Datasets S1–S6). The identified proteins were orga-
nized hierarchically into functional classes based on their
TIGRFAM annotation and the differences in protein abun-
dance were visualized using Voronoi Treemaps (Fig. 3A). Fur-
thermore, proteins associated with cell metabolism were
grouped according to metabolic pathways (19) (Dataset S7). A
critical subset of these proteins involved in central metabolism
and amino acid metabolism was visualized as a heatmap
(Fig. 3B). We observed notable differences between the WT
and clpP proteomes during the transition from 24 h to 72 h in
stationary phase (Fig. 3 A and B and SI Appendix, Fig. S3). At
72 h, most of the proteins in the WT strain associated with cell
metabolism and biosynthesis of nucleotides, proteins, amino
acids, and cofactors had decreased in abundance relative to
levels observed at 24 h.

In contrast, the protein levels were relatively more stable in
the clpP mutant during the same time-transition in unbuffered
media (compare clpP72h/24h vs. WT72h/24h in Fig. 3 A and B and
Dataset S7). This trend was partially reversed when bacterial
cells were grown in MOPS-buffered media (Fig. 3B and SI
Appendix, Figs. S4A and S5). Furthermore, proteins associated
with gene ontology (GO) terms, including “redox homeostasis”
and “response to oxidative stress” were uniquely enriched in
the clpP mutant (clpP72h/24h) compared to the WT strain
(WT72h/24h), which suggested that ClpP may be able to target
proteins that are important for detoxification of endogenous
ROS in the WT strain (Fig. 3A). Indeed, a direct comparison of
the protein abundance between the WT and clpP mutant at
72 h confirmed increased levels of antioxidant proteins in the
latter mutant following acetate stress (Fig. 3C) but not when
the media was buffered with MOPS (SI Appendix, Fig. S4B).
Overall, these findings are consistent with the hypothesis that
the clpP mutant is more metabolically active than the WT strain
in stationary phase and survives acetate stress by modulating
intracellular ROS.

To determine whether inactivation of clpP affected ROS pro-
duction in the stationary phase, we performed electron para-
magnetic resonance (EPR) spectroscopy on WT and clpP
mutant samples at different times during growth (SI Appendix,
Fig. S6A) using CMH as a ROS-specific spin probe (20). EPR
spectroscopy demonstrated that the clpP mutant produced
lower ROS levels than the WT strain at 72 h (Fig. 4A). How-
ever, ROS production in stationary phase was not detected
when WT and the clpP mutant were grown in media buffered
with MOPS, pH 7.4 (Fig. 4A). S. aureus has multiple enzymes
that control the endogenous production of ROS: specifically,
SodA and SodM dismutate superoxide (O2

•-) to hydrogen

peroxide (H2O2) (Fig. 4B). Subsequently, catalase and AhpC
convert H2O2 to water and limits the formation of toxic
hydroxyl radical (OH•) (Fig. 4B). Given that the abundance of
these antioxidant enzymes was increased in the clpP mutant
(Fig. 3C), we hypothesized that they might individually or col-
lectively aid cell survival by enhancing endogenous ROS
detoxification.

To test this hypothesis, we determined the contribution of
each enzyme to improving the survival of the clpP mutant.
Although mutation of sodA did not change the kinetics of cell
death in the WT strain, its mutation in the clpP background
(clpPsodA strain) completely abrogated survival of the clpP
mutant to WT levels (Fig. 4C and SI Appendix, Table S1). Sepa-
rately, inactivation of sodM had no noticeable effect on the
death kinetics in either the WT or clpP mutant backgrounds
(Fig. 4D and SI Appendix, Table S1), despite increased expres-
sion in the clpP mutant over time (SI Appendix, Fig. S6B). Con-
sistent with a role for sodA in the survival of the clpP mutant,
we observed that the total superoxide dismutase activity was ele-
vated in the clpP mutant relative to the WTat 24 h and 72 h of
growth (Fig. 4E).

Conversely, SodA activity decreased in the WT strain in a
ClpP-dependent manner and correlated with increased cell
death as cells transitioned from 24 h to 72 h in stationary phase
(Fig. 4E). A similar decrease in SodA activity did not occur
when the WT strain was grown in MOPS-buffered tryptic soy
broth (TSB)-G (SI Appendix, Fig. S7). Although sodA expres-
sion had maximized during exponential growth (SI Appendix,
Fig. S6B), the observed differences in SodA enzyme activity in
unbuffered growth conditions did not result from differences in
sodA expression during the transition from 24 h to 72 h in sta-
tionary phase (Fig. 4F), which suggested that SodA is likely to
be a substrate of the ClpXP protease under these conditions.
Indeed, Western blot analysis using anti-SodA antibodies
revealed a ClpP-dependent decrease in SodA levels (by ∼44%)
in the WT strain at 72 h relative to 24 h in stationary phase
(Fig. 4G). The decrease in SodA abundance (Fig. 4G) is consis-
tent with the observed reduction in SOD activity (>40%) when
WT transitioned from 24 h to 72 h (Fig. 4E). The transcription
of ahpC in the clpP mutant was threefold higher than the WT
at 72 h (SI Appendix, Fig. S6B). The clpPahpC double mutant
exhibited a decreased survival compared to the clpP mutant
(Fig. 4H and SI Appendix, Table S1). However, the ahpC
mutant itself exhibited an increased rate of cell death relative
to the WT strain (Fig. 4H and SI Appendix, Table S1). This sug-
gested that although AhpC activity is essential for stationary
phase survival, its contribution toward the survival of the clpP
mutant is likely to be secondary to SodA activity. We did not
observe a role for katA in increasing the survival of the clpP
mutant (Fig. 4I and SI Appendix, Table S1), despite increased
expression over time (SI Appendix, Fig. S6B). Together, these
observations suggest that under acetic acid stress, the targeted
degradation of SodA and the reduction of ahpC expression by
ClpP in the stationary phase could trigger cell death.

ClpP-Dependent Cell Death Enhances the Competitive Fitness
Potential of Staphylococci. The necessity of mechanisms that
activate cell death in single-cell organisms like S. aureus is
counterintuitive. Hence, we suspected that the benefits of ClpP-
dependent cell death might exist at the population rather than
the single-cell level. Since the accumulation of damaged pro-
teins was likely to affect growth, we hypothesized that the
enhanced survival of the clpP mutant during the stationary
phase might come at the cost of maintaining the overall com-
petitive fitness potential of the population. To test this hypothe-
sis, we harvested the WT and clpP mutant before the onset of
cell death when cell viability for both strains was highest (24-
h growth) and at a subsequent time point when cell viability of
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the WT (but not the clpP mutant) was declining (72 h) (Fig. 5A).
We performed coculture competition assays of the clpP mutant
and WT strains derived from each time point. We assessed their
mean competitive fitness (w) as a ratio of their Malthusian
parameters (exponential growth rate) over an 8-h growth
period (21). Although the clpP mutant isolated from 24-h-old
cultures exhibited only a modest decrease in fitness relative to
the WT strain (w24 = 0.87), the mean competitive fitness of the
clpP mutant was significantly diminished when the competition
was initiated from 72-h-old cultures (w72 = 0.365) (Fig. 5B).

We observed a similar trend when the competition was con-
ducted between clpXI265E and the WT strain (w24 = 1.03 vs.
w72 = 0.673) (Fig. 5C). The poor competitive outcome of the
clpP and clpXI265E mutants occurred despite the increased sur-
vival of these mutants relative to the WT strain at 72 h. To test
whether the observed competitive fitness defect of the clpP
mutant resulted from increased SodA activity rather than
pleiotropic effects of the clpP mutation, we performed cocul-
ture competition of the clpPsodA double mutant with its iso-
genic sodA parent strain following 72-h growth. We observed

Fig. 3. Altered proteome of stationary phase cells undergoing acetate stress. (A) Voronoi Treemaps and GO-term enrichment analysis of WT and clpP
mutant are depicted. The Voronoi Treemaps were generated from log2 ratios of their respective intracellular proteins at 72 h and 24 h of growth in TSB-G. Pro-
teins with altered ratios were clustered based on the TIGRFAM annotations and depicted as functional categories. Additional subcategories and gene ID anno-
tations are indicated in SI Appendix, Fig. S3. (B) Heatmap representing the intracellular changes in select metabolic enzymes of WT and clpP at 72 h relative to
24 h. The corresponding reaction level differences are detailed in Dataset S7. (C) Volcano plot of the intracellular proteins in stationary phase cells. Each data
point represents individual proteins organized according to their mean clpP/WT log2 fold-change ratios (y axis) following 72 h of growth in TSB-G. The horizon-
tal dotted line indicates the cutoff for proteins that showed significantly altered abundance (P ≤ 0.05).
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that the competitive defect of the clpP mutant was reversed if
sodA was inactivated in that background (clpPsodA mutant)
(compare Fig. 5D with Fig. 5B). These results suggest that the
ClpXP-dependent decrease in SodA activity not only initiates
cell death but also is essential for maintaining the overall com-
petitive fitness potential of staphylococcal populations under-
going stress in stationary phase.

We next asked if the evolutionary pressure to maintain com-
petitive fitness through regulated cell death could be triggered
by antimicrobial compounds that interfere with protein homeo-
stasis and induce clpP expression. To test this hypothesis, we
treated the WT strain with different classes of antibiotics at the
postexponential phase (25× MIC). We also assessed their abil-
ity to induce clpP expression (Fig. 5E) and induce ClpP-
dependent cell death (SI Appendix, Table S2). Our analysis
revealed that different antibiotics were able to differentially
activate clpP expression by 24 h relative to untreated control at
the same time-point; notably, aminoglycosides that interfered
with protein synthesis were most prominent in this regard
(Fig. 5E). Importantly, we observed a strong positive correla-
tion between the ability of antibiotics that induce clpP

expression to also promote clpP-dependent cell death [Pearson
coefficient (r) = 0.7612, r2 = 0.5794, P = 0.0282] (Fig. 5E and
SI Appendix, Table S2). Collectively, these findings strongly
suggest that nondividing populations with irreparable protein
damage are targeted for elimination in a ClpXP-dependent
manner to sustain population fitness.

Discussion
The evolutionary selection of energy-dependent cell death pro-
cesses in bacteria may have origins in niches where interspecies
competition and antimicrobial warfare are commonly observed.
Antimicrobial compounds and metabolic byproducts, such as
weak acids that interfere with protein homeostasis, are fre-
quently produced by competing bacterial species (22, 23). Such
interactions could adversely bias fitness outcomes of target bac-
terial populations that are affected by the harmful effects of
these metabolites (24). While bacteria may transition to non-
growing states under these conditions and become more toler-
ant, the continued stress from these antimicrobials is likely to
increase damaged cells in the population (25). The elimination
of unfit cells through an active self-destruction program could

Fig. 4. ClpXP targets SodA to subvert the antioxidant capacity of cells. (A) Representative EPR spectroscopic trace of ROS derived from whole cells in sta-
tionary phase (72 h). ROS was detected using the spin probe, CMH. (B) Schematic of the antioxidant enzymes of S. aureus and their target ROS. AhpC,
alkylhydroperoxidase subunit; KatA, catalase; SodA/SodM, Mn-dependent superoxide dismutases. (C) Stationary phase viability of sodA and (D) sodM
mutants relative to WT and clpP mutant strains (n = 3, mean ± SD). (E) SOD activity of cell extracts at 24 h and 72 h were determined as the percent inhi-
bition of WST-1 reduction by superoxide using a commercially available kit (Sigma). WST-1, water-soluble tetrazolium salt (n = 3, mean ± SD; one-way
ANOVA with Tukey's multiple comparisons test, *P ≤ 0.05, ****P ≤ 0.0001). (F) The fold-change in the expression of sodA was determined at 24 h and 72
h in the clpP mutant. The fold-change expression values were calculated relative to the WT strain at identical time-points (n = 3, mean ± SD; two-tailed
unpaired t test, ns: not significant). (G) The intracellular levels of SodA were detected in various mutants by Western blot analysis using cross-reactive
polyclonal antibodies raised against Bacillus anthracis SodA (Upper). Enolase was detected as a loading control. Densitometric quantification was per-
formed by ImageJ (Lower) (n = 3, mean ± SD; one-way ANOVA with uncorrected Fisher's LSD, *P ≤ 0.05, ***P ≤ 0.001). (H) Cell viability of ahpC and (I)
katA mutants in stationary phase (n = 3, mean ± SD).
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improve the competitive fitness of the bacterial population
when cells re-enter growth under more favorable conditions.

How are unfit cells eliminated? Studies have shown that
stress-induced oxidized protein aggregates in the cytoplasm
can be lethal (14). However, our findings demonstrate that
this is not the case in staphylococci that enter stationary
phase following acetate stress. Indeed, the clpP mutant accu-
mulated more oxidized proteins and protein aggregates than
the WT strain but still survived significantly better in the sta-
tionary phase.

According to our model (Fig. 6), cells that accumulate dam-
aged proteins in stationary phase induce ClpXP expression and
activity in response. The extent of intracellular protein damage
following stress may dictate the fate of cells. When cell division
halts and cells enter stationary phase, protein quality control is
critical because cells can neither dilute damage through cell
division nor divert all energy to protein repair as resources are
scarce during stationary phase. If the damage is beyond repair
and affects the competitive fitness of the population, the
fitness-compromised cells must undergo cell death. Thus,

Fig. 5. ClpXP activity eliminates fitness-compromised cells in stationary phase. (A) The competitive fitness of the clpP and clpXI265E mutants that grew to
stationary phase in TSB-G (24 h or 72 h) were determined relative to the WT strain harvested at identical time points in the same growth media (TSB-G).
For the determination of relative fitness, coculture competitions were carried out for 8 h in fresh TSB. Initial bacterial counts (I0) and final counts after
8 h of growth (F8h) were used to measure the relative fitness (w). Relative fitness ratios of the (B) clpP to WT, (C) clpXI265E to WT, and (D) sodA to
clpPsodA are depicted here. (n = 12, mean ± SD; two-tailed unpaired t test, ***P ≤ 0.001, ****P ≤ 0.0001). (E) Correlation of clpP expression and ClpP-
dependent cell death. The fold-change in clpP expression was determined at 24 h after challenging WT with various antibiotics at the postexponential
phase (6 h). The fold-change expression values were calculated relative to the WT strain grown to 24 h without antibiotic treatment. The cell death index
reflects a measure of the ClpP-dependent cell death observed in stationary phase following antibiotic challenge. The cell death index was calculated as
the ratio of the death rates (kmax) of WT and clpP mutant. A value above 1 indicates a greater rate of cell death in the WT relative to the clpP mutant.
Measures of clpP expression and cell death index were determined following the growth of S. aureus in TSB. C, chloramphenicol; E, erythromycin: Gm,
gentamicin: Kn, kanamycin; Ox, oxacillin; Te, tetracycline; Ts, trimethoprim; Va, vancomycin.

Fig. 6. Model of the ClpXP mediated cell death pathway in S. aureus. S. aureus accumulates oxidized protein aggregates and turns on the expression of
clpX and clpP when they encounter antibiotic (Ab) stress or undergo intracellular acidification (H+). In rapidly dividing cells that can dilute the effect of
damaged proteins through cell division, the ClpXP protease may be sufficient to recycle protein aggregates and restore the fitness of cells. However, non-
dividing populations that contain protein aggregates undergo cell death to maintain population fitness (Left). To initiate cell death, the ClpXP protease
targets the degradation of SodA, which results in lethal oxidative damage due to sustained superoxide production. In the clpP mutant (Right), the lack of
protein turnover results in the retention of proteins that are highly susceptible to oxidation and aggregation. However, the increased levels and activity
of SodA promote cell survival due to decreased ROS-mediated killing. This image was created with BioRender.com.
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regulated cell death may represent a means to dilute damage in
nondividing bacterial populations, just as rapid cell division in
dividing populations.

Our findings suggest that ClpXP mediates cell death by tar-
geting the degradation of SodA. The resulting inability to effi-
ciently detoxify superoxide triggers cell death. Several lines of
evidence cumulatively support this model. First, acetate-
mediated cytoplasmic acidification increased the expression of
both clpX and clpP in stationary phase. Consistent with this
phenotype, an increase in ClpXP-dependent proteolytic activity
could be deduced from the degradation of Spx, a ClpXP-
specific substrate, and more broadly from the ClpP-dependent
changes in the intracellular proteome of WT strain during the
late stationary phase. Second, the observed cell death was not
related to the chaperone function of ClpX in S. aureus (26) as
the clpXI265E mutant was unable to initiate cell death in
response to acetic acid stress. This reconfirmed the role of the
ClpXP protease as the primary mediator of cell death. Finally,
although the abundance of multiple intracellular proteins
decreased upon ClpP activation, those involved in countering
oxidative stress and redox balance were prominent. SodA activ-
ity was significantly reduced in the late stationary phase in a
ClpP-dependent manner. Furthermore, inactivation of sodA in
the clpP mutant restored the kinetics of cell death to WT levels,
thus highlighting SodA as a target of ClpXP for the induction
of cell death in stationary phase. It is important to note that
SodA was previously identified as a critical factor for long-term
survival of S. aureus in stationary phase (27). Thus, ClpXP
induces cell death by targeting bona fide proteins involved in
maintaining cell viability. Interestingly, the magnitude of rescue
from cell death is more when buffering the media with MOPS
than when clpP is inactivated. This may in part be due to the
residual production of ROS in the clpP mutant that prevents it
from complete rescue. Alternatively, it is possible that a ClpP-
independent mechanism is at play. For example, acetate may
still exert significant toxicity in the clpP mutant by accumulating
in the cytoplasm as anions.

The toxicity of superoxide and its downstream derivatives,
such as hydrogen peroxide and hydroxyl radicals, is well docu-
mented. It involves damage to macromolecules and metal cen-
ters in enzymes critical for cell viability (28). Irreparable DNA
double-stranded breaks due to hydroxyl radicals arising from
Fenton chemistry and oxidation of essential proteins could
result in permanent loss of replicative ability, resulting in cell
death (29). Damage within cells has been proposed to induce a
programmed cell death process mediated by the Cid and Lrg
system (30, 31). Although recent evidence suggests that the
Cid/Lrg proteins are involved in the transport of metabolites
across the cell membrane (32), oxidative stress may trigger their
oligomerization and pore formation in the cell membrane
resulting in cell death (33). Proteomic analysis revealed altered
levels of several proteins involved in diverse cellular functions
when cell death is triggered following stress. Thus, the involve-
ment of additional pathways in coordination with or indepen-
dent of SodA in the regulation of cell death cannot be ruled
out.

While ClpXP can turnover native proteins and control their
intracellular abundance (34, 35), the specific signals that mark
SodA for degradation by ClpXP in unfit cells are unknown.
Similarly, the sources of cellular ROS in stress-induced dam-
aged cells remain to be identified. However, the ability of
ClpXP to regulate cell death appears to be conserved in pro-
karyotes and eukaryotes. In a recent study, the Bacillus subtilis
ClpXP protease was shown to eliminate defective sporulating
cells with misassembled envelopes by degrading SpoIVA and
inducing lysis (36). Such a mechanism in B. subtilis was pro-
posed to select against the loss of a sporulation program (36,
37). In Escherichia coli, it was demonstrated that the ClpPA

protease ultimately promotes survival during starvation and
phage infection by inducing toxin–antitoxin (MazEF)-mediated
programmed cell death in a subpopulation of cells. Accord-
ingly, it was shown that the ClpPA targets the antitoxin MazE
for degradation, thus freeing the MazF toxin to inhibit the
translation of essential proteins by cleaving mRNA (38). In
eukaryotes, the mitochondrial ClpXP protease was found to
restrict the lifespan of the fungus Podospora anserina (39).
Interestingly, the human ortholog of clpP was also able to
reduce the extended lifespan of the P. anserina clpP mutant
when heterologously expressed in that organism (39), suggest-
ing functional conservation of ClpP in controlling cell death
and lifespan across the kingdoms of life.

Like the clpX mutation, the inactivation of clpC also
increased the survival of stationary phase cells that had under-
gone protein damage, albeit this was a modest increase in our
model. The importance of the staphylococcal ClpCP protease
in promoting cell death in stationary phase has been described
previously (40). The increased survival of the clpC mutant was
attributed to a greatly reduced tricarboxylic acid (TCA) cycle
activity resulting from poor aconitase function in this mutant.
Consequently, the lower cellular energy available to the clpC
mutant was hypothesized to prevent cell entry into the energy-
dependent death phase (41, 42). Independently, the reduced
TCA cycle activity and low respiratory potential in the clpC
mutant could also result in less ROS production and increased
stationary phase survival (40, 43). More recently, the ClpCP
protease was shown to modulate intracellular survival by tar-
geting the MazEF toxin–antitoxin system in S. aureus (44).
The degradation of the MazE antitoxin by the ClpCP protease
resulted in MazF toxin-mediated bacterial stasis (44).

Previously, Dwyer et al. (45) demonstrated that antibiotic
stress induced several hallmarks of apoptosis in E. coli and
enabled the destruction of cells similar to programmed cell
death in eukaryotes. Remarkably, the ClpXP protease was
shown to play a significant role in the antibiotic-induced bacte-
rial cell death in addition to RecA and members of the SOS
response regulon (45). Our findings also highlight a link
between certain classes of antibiotics and ClpXP-dependent
cell death. Notably, we observed increased clpP expression and
ClpP-dependent cell death when antibiotics that target bacterial
ribosomes—like gentamicin, kanamycin, and erythromycin—
were used against S. aureus. These antibiotics primarily disrupt
protein homeostasis by blocking protein synthesis (46, 47).
Although some of these antibiotics are thought to be bacterio-
static (48, 49) at high concentrations, most of these antibiotics
may become bactericidal due to indirect effects from protein
damage (46, 50). Our finding that antibiotic-mediated killing
may be alleviated by inactivating clpP indicates a significant
contribution for ClpP proteolysis in cell death during antibiotic
stress.

In conclusion, our findings suggest that stationary phase
staphylococci can activate a ClpXP-regulated cell death pro-
gram in response to stress and eliminate unfit cells from the
population. We propose that such a regulated cell death mecha-
nism is evolutionarily selected in bacteria to maintain competi-
tive fitness during growth transitions.

Materials and Methods
DNA Manipulation and Strain Construction. S. aureus JE2 and isogenic
mutants were obtained from the Nebraska Transposon Mutant Library (51).
The transposon mutants were transduced into strain JE2 using ϕ11. Full-
length genes and their native promoters were inserted into the chromosome
for complementation of mutant strains using the SaPI integration vector.
Additional details on strain construction and growth conditions are described
in SI Appendix, Supplemental Experimental Procedures.
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Protein Aggregation and Carbonylation. The protein aggregates were iso-
lated from bacterial cells as described by Engman et al. (52), To measure pro-
tein carbonylation, bacterial cells were initially suspended in 1.5 mL of PBS
containing 50 mM dithiothreitol (DTT) and mechanically disrupted using the
Precellys bead homogenizer. Proteins in the supernatant were precipitated by
adding 10% trichloroacetic acid (TCA). Carbonyl-containing proteins were
derivatized by incubating with 500 μL of 10 mM 2,4-dinitrophenylhydrazine
(DNPH) dissolved in 2 M HCl. The derivatized proteins were reprecipitated
with 500 μL of 20% TCA. The protein pellets were washed three times in 1 mL
of 1:1 ethanol-ethyl acetate, and finally dissolved in 6 M guanidine in 20 mM
potassium phosphate buffer adjusted to pH 2.3 with trifluoracetic acid. The
absorbance was measured at 370 nm, and carbonyl content was determined
using an extinction coefficient of 22,000M�1 cm�1 (53).

Measurement of the Competitive Fitness. Cultures of JE2 and its isogenic clpP
or clpXI265E grown in TSB 45 mM glucose were used to assess competitive fit-
ness. Following 24 h of growth in media containing excess glucose, we used
∼107 bacteria per milliliter of each strain for competition experiments. Due to
the increased death of WT at 72 h into stationary phase, competition experi-
ments were initiated from ∼105 to ∼106 cfu/mL. The bacterial colony forming
units (cfu) were enumerated on TSA plates with and without 5 μg/mL erythro-
mycin immediately after initiation of competition and at 8 h between tested
strains. The competitive fitness was calculated using the Malthusian parame-
ter for competitors using the following formula: w = ln (Mf/Mi)/ln (Wf/Wi),
where f and i represent cfu counts at final (8 h) and initial (time 0) of competi-
tion assay, respectively (21). M and W refer to mutant and WT, respectively.
Coculture competitions between sodA and clpPsodA were similarly car-
ried out.

EPR spectroscopy. The bacterial cultures (OD600 = 10) were harvested at vari-
ous time points during growth, pelleted, and resuspended in 1 mL KDD buffer
(Krebs-Hepes buffer, pH 7.4; 99 mM NaCl, 4.69 mMKCl, 2.5 mM CaCl2, 1.2 mM
MgSO4, 25 mM NaHCO3, 1.03 mM KH2PO4, 5.6 mM D-glucose, 20 mM Hepes,
5 μM DETC, and 25 μM deferoxamine) for determination of ROS production.
The bacterial suspensions were mixed with the ROS-sensitive spin probe CMH
(working stock ∼4 mM prepared in KDD buffer) to a final concentration of
200 μM and incubated at room temperature for 15 min. A Bruker e-scan EPR
spectrometer was used with the following acquisition parameters: field sweep
width, 60.0 G; microwave frequency, 9.75 kHz; microwave power, 21.90 mW;

modulation amplitude, 2.37 G; conversion time, 10.24 ms; time constant,
40.96ms (20).

SOD Activity. For SOD activity, WT andmutants were grown in TSB 45mMglu-
cose and 2-mL culture was harvested at 24 h and 72 h. The cultures were centri-
fuged at 16,000 × g for 5 min. The cell pellets were initially washed with saline
before finally being resuspended in 0.5 mM KPO4 buffer pH 7.3 with 1× EDTA
free protease inhibitor (Roche). Followingmechanical lysis of cells using a bead
beater, the clear lysate was retrieved by centrifuging crude extract at 16,000 ×
g for 5 min at 4 °C. The protein concentration was estimated using Bradford
protein assay (Bio-Rad) as per themanufacturer’s instructions and 10 μg of pro-
tein was used to evaluate SOD activity using an SOD assay kit (Sigma-Aldrich).

LC-MS/MS Analysis. Mass spectrometry analysis was performed by the Univer-
sity of Nebraska Medical Center Mass-Spectrometry and Proteomics Core Facil-
ity. Method details are described in more detail in SI Appendix, Supplemental
Experimental Procedures.

Data Availability. The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium via the PRIDE (54) partner reposi-
tory with the dataset identifier PXD029457. The source data for proteomics is
provided in Datasets S1–S6. All other study data are included in the article and
SI Appendix.
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